Abstract The rock-cut tomb-chapel of Djehuty (Luxor, Egypt, 1470 BC) was excavated and restored including a mineralogical, chemical, textural and petrophysical study of mortars and host rocks together with micro-environmental parameter recordings to deduce the techniques used by the ancient Egyptian builders. The host rock is made by alternations of massive, nodular and finely bedded micritic limestone and the tomb was excavated in the stratigraphic section with better mechanical properties. Different types of gypsum and lime mortars were found in the funerary complex: mortar for bedding, exterior render, surface repair and decoration, and interior plaster and coating. Mortars show formulae according to their specific applications and locations. The sources of the raw materials for the mortar reveal a local provenance. Micro-environmental conditions play an important role in the evolution of the mortar pastes, and determine the current characteristics and stability of mortars. Results from this research will make it possible to design mortars compatible with conservation in the funerary complex of Djehuty and to define safe micro-environmental conditions for the preservation of such mortars and paintings.
Introduction
The degradation of building materials of architectural heritage is of great interest among scientists since new restoration materials frequently fail to guarantee compatibility with the ancient masonry and weathered surfaces [1, 2] . Research into composition, physical properties, uses, production and provenance of ancient construction materials including rocks substrata is of great significance for achieving the future effective conservation of ancient monuments [3, and citations therein] . Moreover, the study of microclimate conditions and environmental monitoring has emerged as an essential research for the conservation and restoration of monuments [4] . The restricted published studies on Egyptian stones, mortars, plasters and stuccoes, i.e., ancient-originals, historical-restorations and suitable restoration mortars, provide crucial information for conserving this valuable cultural heritage and the future wealth of the associated tourist activity. The publications to date are concerning the porous structure and composition of mortars [5] [6] [7] [8] [9] , the geomechanics of stones and mortars [10] [11] [12] and soluble salts deteriorating Pharaonic and Coptic wall paintings [13, 14] . Besides, the long-term monitoring of the microclimatic and environmental factors of the sites has proved that these are one of the key issues addressing the preservation and management of these ancient Egyptian monuments, particularly for evaluating and managing the effects of visitors on the conditions of the tombs [15] .
The complete characterization of the physicalmechanical, microstructural and chemical properties of both host rock and ancient mortars is crucial for choosing suitable repair mortars so as to preserve the integrity and authenticity of ancient structures [16, 17] . In this regard, RILEM (The International Union of Laboratories and Experts in Construction Materials, Systems and Structures) publications provide useful recommendations for classifying the functions and nature of binder and aggregate in mortars and on the most appropriate methods and techniques for studying them [18] [19] [20] . For the preparation of ancient mortars and concretes, various materials were employed such as gypsum limes used for rendering, but carbonated limes were predominantly used in structural mortars [21] .
The study of rock and mortars started in 2002 within a long-term Spanish archaeological mission working on the West Bank of Luxor to excavate and restore the rock-cut tomb-chapel of Djehuty (TT 11) at the foothill slope of Dra Abu el-Naga, ca. 1470 BC [22, 23] . The tomb-chapel was decorated in relief and hewn out of a carbonate sedimentary sequence with diverse properties belonging to the well-known Thebes geological formation [24, 25] . The complex monument contains different types of mortars used according to different building functions. The aim of this paper is to characterize host rocks of the tombchapel together with ancient Egyptian mortars classifying their functions and nature of binder and aggregates following the RILEM recommendations [18] [19] [20] . Nearly fifty micro-samples of mortars and rocks were analysed by environmental scanning electron microscopy (ESEM) with an attached X-ray energy dispersive system (EDS) and spectral cathodoluminescence detector (CL), X-ray diffraction (XRD), X-ray spectrometry analysis (XRF) and mercury intrusion porosimetry (MIP). The external meteorological conditions of the archaeological site and the micro-environment conditions inside Djehuty's tombchapel were simultaneously recorded.
2 Site, materials and methods
The rock-cut tomb-chapel of Djehuty (TT11)
The rock-cut tomb-chapel of Djehuty (TT 11) under study is dated to the early eighteenth Dynasty, ca. 1470 BC [22] . It is located in the central area of Dra Abu elNaga, at the northern end of the Theban necropolis (Luxor, Egypt) ( , with inscriptions on both sides of the original door of the tomb and sculpture of Djehuty which are carved on its North and East walls respectively. The sculpture of Djehuty was set into a white niche of hard lime mortar. The tomb-chapel mainly consists of two levels. The upper level of the tomb-chapel, the funerary chapel, is in the shape of an inverted T. The inner part penetrates horizontally 18 m inside the rock of the hill. First a transverse corridor has relief decoration showing a variety of different scenes and inscriptions carved on its walls. Then a narrow central corridor leading to the innermost room of the tomb-chapel is also decorated with reliefs. The innermost room (shrine) is decorated in high quality raised relief displaying the most significant moments of Djehuty's ideal funerary rituals. The right side is entirely occupied by a funerary shaft which descends vertically 8.15 m to a broad chamber. At the rear end there is a second shaft, 3 m deep. At the southern shorter side there is an entrance to a second chamber measuring 3.65 m 9 3.50 m 9 1.55 m. This is the burial chamber where the west and north walls and also an area of the ceiling remained coated with mortars 2.2 Geological frame of the rock-cut tomb-chapel of Djehuty (TT11)
The tomb-chapel was hewn into a carbonated sedimentary sequence of Eocene age (Ypresian, 55.8-48.6 million of years), in particular in the lower member (Member I) of the Thebes Formation (Fig. 1) . The type-section of this Formation is located at Gebel El-Qurn [24] next to the tombs area, and the stratigraphic sequence was described in detail by Tawfik et al. [25] . Moreover, this geological formation has been extensively studied for its archaeological significance, mainly in the Valley of Kings, e.g., [26, 27] . The local stratigraphic sequence consists of circa 38 m of beds of variable thickness from a few centimetres to several metres mainly composed of massive or nodular limestone rocks. A subdivision into five sub-beds or sections based on field observations was performed and sampled ( Fig. 2 ).
Climatic and microenvironment monitoring
A monitoring programme was launched in 2008 and it is still working at the archaeological site. Three HOBO-Pro-v2 data-loggers (Onset Computer Corporation, Bourne, USA) with built-in temperature (accuracy ± 0.2 over 0-50°C, resolution 0.02 at 25°C) and relative humidity RH (range 0-100 %, accuracy ± 2.5 % from 10 to 90 %, resolution 0.03 %) sensors were installed to record these air parameters on the hour, at three locations: (i) exterior (courtyard), (ii) shrine and (iii) burial chamber. Also meteorological data of the study area were analysed by using the surface weather conditions of Luxor city for the last 30 years (NOAA's data) [28] 
Collection of micro-samples and analytical methods
Prior to the micro-invasive sampling, detailed and comprehensive in situ visual analyses were performed together with the necessary understanding of the complexity of the monument, as RILEM indicates [19] .
A total of 36 mortar micro-samples were carefully collected from 2006 to 2010 to be analysed by XRD, XRF, ESEM-EDS, CL and MIP depending on the specific minimum sample size. The main sampling criteria for the mortars were the uses or functions in accordance with the RILEM association classifications [18] [19] [20] . Samplings were performed by setting the mortar location (i.e. outside, inside, distance to the water table) and mortar colours and textures (Table 1) . A second samples collection target was the local geological stratigraphic column to obtain correlation materials to be compared with local mortars for provenance studies (Fig. 2) .
Qualitative, quantitative and micro-textural XRD analyses of powdered Egyptian mortar and rock samples were performed using XPOWDER software which allows a full duplex control of the Philips PW-1710/00 diffractometer using the CuKa radiation from 5°to 65°2h with a Ni filter and a setting of 40 kV and 40 mA. The chemical XRF analyses were performed in a Magic Philips X-ray fluorescence spectrometer operating an ultra-thin window and rhodium anode X-ray tube at 2.4 kW. The quantitative determinations were performed by both the IQ? software of Panalytical-Philips and by calibration curve with mineral standards. The environmental electron microscopy studies were performed under a FEI Inspect ESEM microscope. The ESEM resolution at low-vacuum recording the backscattering images was at 4.0 nm at 30 kV Spot samples of EDS analyses and mapping areas were carried out with an energy dispersive X-ray spectrometer, Oxford Instruments INCA Energy 200 Energy Dispersive System. The ESEM microscope has a coupled MONOCL3 Gatan probe to allow the cathodoluminescence spectra recording. Connected porosity and pore size distribution were obtained from MIP with an Autopore IV 9500 Micrometrics mercury porosimeter. The pore size interval characterization by MIP ranged in a radius range of 0.003-200 lm which corresponds respectively to highest and lowest head pressures. The determination of the specific surface area (SSA) was carried out through the BET method in the relative pressure interval P/P 0 = 0.05-0.2 using an Autosorb-6 Quantachrome apparatus. Micro-compression characterization was performed in samples sized 10 mm 9 10 mm 9 10 mm using a uniaxial compression press (Instron 4411) with a maximum load of 5,000 kN and a constant load velocity of 0.1 MPa/s. The specimen size was consistent with the standard mechanical tests, which recommend that specimen size should be at least ten times larger than grain size [10] .
Results

Climatic and microenvironment conditions
The Luxor climate is severely arid and is classified as hyper-desert and extreme Mediterranean type. During the last 30 years the annual mean temperature of the air was 25.1°C, with a maximum inter-annual variation below 1.6°C. The absolute air temperature for each annual cycle has always been ranging from 1.4 to 45°C on average. Rainfall has been almost anecdotal in the last three decades, and a mere total amount of 470 mm has been registered since 1980 with 43 % of years having a total absence of rainfall events. The rain episodes are centered in few days (3 per year on average) and some of them correspond to torrential events. The dry conditions and extreme temperatures determine a very low RH of air (37.8 % on average) ranging from 32.5 to 40.3 % in terms of annual average. The environmental monitoring (2008-2011 period) provided measurements on temperature and RH of outdoor air (open courtyard), being warmer and drier (31.5°C and *19.5 %, respectively, on annual average) than those registered in Luxor city. Moreover, these extreme environmental conditions are tempered by the neighbouring Nile riverbed. The annual mean temperature of air in Djehuty's innermost room (shrine) drops to 29.5°C and RH goes up to 22.1 %. When the funerary shaft, 8.20 m deep, was excavated (February 2008), the antechamber was reached and opened. The air temperature and RH remained around 28°C and slightly above 80 %, respectively. These environmental ranges could be close to those under pristine conditions before any modern archaeological excavation. Similar environmental conditions were registered later at the bottom of another funerary shaft excavated during 2010 (28.5°C and 78.2 %), which reaches a depth similar to that of the burial chamber of Djehuty. The higher values of RH with depth are related to the proximity of the Nile water table, located from 2.5 to 2 m below the burial chamber.
Mineralogical, chemical and petrophysical characteristics of host rock
The host rock in which the rock-cut tomb is located consists of alternations of massive, nodular and thinly bedded micritic limestone. The tomb was excavated into four of the five local stratigraphic sections according to field observations (Fig. 2) . These sections are described below, with special attention to their mineralogical, chemical and petrophysical characteristics (Figs. 3, 4) . Section 1 (S1) is composed of massive white-palebrown limestone beds with thicknesses of a few centimetres (Fig. 2) . It is the section in which the burial chamber of the tomb was excavated. This limestone is fine grained and quite porous being predominantly composed of the remains of calcareous nano-plankton (mainly coccolithophores, Fig. 5a ) and micro-plankton (mainly foraminifers) with abundant fragments of mollusc shells. It shows vertical fissures filled with gypsum and calcite. The XRD analysis (Table 2) shows a predominantly calcite mineral composition (85-90 %). The XRF analyses display a chemical composition in good agreement with the mineralogical composition, with only one sample being observed to have an important amount of Th, Ba and Cl elements and another with some Cs. Section 2 (S2) exhibits white-pale-brown massive limestone inter-bedded with limestone sheet-beds. Near to the section top, the bed thickness of nodule limestone increases in comparison with massive beds (Fig. 2 ). The XRD analysis shows a less predominant presence of calcite (75-80 %) ( Table 2 ). The XRF Section 3 (S3) is composed of inter-bedded strata of pink to white-pale-brown massive and nodule limestone with slightly dolomitized levels. Near the section top, the thickness of the massive beds increases in comparison with the nodule limestone beds (Fig. 2) . Section 3 shows the higher proportion of phyllosilicate minerals ( Table 2 ). The XRF analyses display a chemical composition with more Fe, Al, Mg, Sr and Mn. Some higher amounts of S, Cs, Th, Cr, Ba and Ce are is also noticeable.
Section 4 (S4) in which the upper level of the tomb-chapel is located, is pink massive limestone (Fig. 2) . The mineral composition is again predominantly calcite ( Table 2 ). The XRF analyses display a chemical composition in agreement with the mineralogical composition.
Petrophysical properties of the host rocks are strongly influenced by their mineralogical and textural (Table 2) . Porosity is mainly interparticle, increasing from the geological rock cementation decrease from S1 to S4. Porosity values are therefore lower at the bottom of the geological column (S1-S2) than at the top (S3-S4). Some thin fissures and veins are also found randomly distributed. Pore size distribution of the inter-particle porosity highlights the lithological variation through the geological column (Fig. 3) . In S1, the host rock is more finegrained and tends to be less cemented at the top, d calcium sulphate exterior render mortar sample (M88-7) consisting of anhydrite binder; e surface repair mortar sample (M28) composed of anhydrite as binder and detrital quartz and feldspar grains; f surface repair mortar sample (M5) with a celestine crystal in detail meaning the pore size increases from the S1 to S4. The peak height also rises since it reflects the increase in the pore volume or porosity value ( Table 2 ). The pore size displays two pore modes. The most important and abundant has higher values, being related to the intergranular porosity-pore space between bioclasts and/or terrigenous grains. The second pore family presents less pore volume; it is placed at lower pore size values and is formed by micritic calcite and/or clay minerals.
Clay minerals have special importance in both the specific surface area (SSA) and mechanical strength. Host rock in geological S1 and S3 contains phyllosilicates (mainly illite) and also comprises the largest SSA values and lowest compressive strength values ( Table 2 ). The presence of clay minerals increases the surface area of host rock since both are of small size (external surface area related to large area/volume ratio) and micro-porosity (inner surface area), which explains SSA values slightly higher in S1 and S3 than in S2 and S4. The inter-particle clay minerals are usually found in the rock cement, binding the grains together. This type of binding phase reduces the mechanical strength and also increases their likelihood of deteriorating. So the presence of clay minerals produces rock softening [29] and clay-bearing host rock presents less values of compressive strength (S1 and S3). The studied rocks presented a low compressive strength (13-31 MPa). Micro-characterization provides mechanical values in the same range as meso-characterisation of similar kinds of rocks [30] . Moreover, the stress-strain analyses performed in some micro host rocks samples reveal relatively linear stress-strain behaviour and brittle fracture [10] .
Types of mortar on the funerary complex of Djehuty by visual analysis
The in situ visual analysis of the monument allowed us to recognize the main building elements and to distinguish different types of mortar according to their specific applications [19] (Table 1) .
(1) Bedding mortar or mortar joint is a mortar for setting masonry units (mud-bricks), for adhesion and bearing load, according to the functional categories defined by the RILEM [20] . It corresponds to the type 4, Masonry mortars: (i) bedding, defined in the previous RILEM classification [18] . It is located outside the tomb-chapel, and it was used to bind mud-brick and rock units of the open courtyard masonry walls (Fig. 4a) . A total of 15 micro-samples collected at different locations were studied. (2) Mortar for exterior render The exterior render group comprises mortar coatings and stuccoes applied to the external surfaces (Fig. 4b) , for water penetration protection and aesthetic covering [20] . It is layer structured as follows: a first mortar-coating layer, for flattening the rock/mud-brick substrate, when required; a second mortar-coating layer, for smoothing; and lastly an aesthetic layer of stucco. In some cases, only the second layer is present. This mortar corresponds to the type 2, Mortars for the application of facings: (ii) walls of the previous RILEM classification [18] . It is located outside the tomb-chapel, covering open courtyard masonry (mud-brick and stone blocks) and rock-carved walls. A total of 15 such microsamples type collected at different locations were studied. (3) Mortar for surface repair is the mortar employed to replace and repair missing sections of masonry [20] . It corresponds to the type 5(v) Special mortars for repairs, defined in the previous RILEM classification [18] . It is a mortar for clamping and replacing fallen rock. It is used for the replacement of rock fall during the excavation of the tomb and the filling of gaps (Fig. 4c, d , sample M23). It is applied in direct contact with the rock and sometimes includes rock fragments. It is located both inside and outside of the tomb-chapel. A total of nine micro-samples was studied, three located outside and six located inside the tomb-chapel. (4) Interior plaster and coating is an aesthetic covering, a substrate for decoration [20] , employed inside. It is equivalent to the 1, Mortar for plaster, defined in the previous RILEM classification of mortars [18] . It is located inside the tomb-chapel, in the burial chamber, and it is applied to walls and ceiling (Fig. 4e) . It is layer structured as follows: first, a levelling layer of mortar is applied directly onto the lowered and smooth rock wall/ceiling. This layer is covered by a plaster layer, eventually painted. three micro-samples were studied. (5) Mortar for decoration This type was not included in the last RILEM classification [20] , but corresponds to the 3. Mortars for decoration: (i) layered, (ii) relief, defined in the previous RILEM classification [18] . In this group we include the thin mortar layer surrounding the statue of Djehuty, located in the Hall of the Open Courtyard (Fig. 4d) .
Mineralogical, chemical, textural and petrophysical characteristics of mortars
The mineralogical, chemical, textural and petrophysical characteristics of the studied mortars have shown variability mainly related to their specific use and location.
Bedding mortars exhibit variable mineral compositions, with a predominance of calcite as a main mineral component in most samples (Table 3) . Average values for these carbonated bedding mortars are calcite 56 %, quartz 17 %, illite 10 %, feldspar 7 %, dolomite 4 % anhydrite 3 % gypsum 1 % and sepiolite 1 %. Also there is a second type of bedding mortars, whose main component is calcium sulphate (anhydrite) that appears as another constructive phase. Average values for these calcium sulphate bedding mortars: anhydrite 45 %, calcite 32 %, quartz 9 %, illite 4 %, sepiolite 4 %, feldspar 3 % and dolomite 3 %. A third type of bedding mortars whose main component is carbonated mud, appears represented by two samples. The average mineralogical composition of these carbonated mud bedding mortars is calcite 25 %, quartz 23 %, illite 17 %, feldspar 14 %, dolomite 2 % and sepiolite 18 %.
Mortars for exterior render exhibit variable mineral compositions related to their structural position ( Table 3 ). The first mortar-coating layer (carbonatemud render), in direct contact with the host rock or mud-bricks, is a mixture of limestone and straw fragments with an average mineral composition of calcite 43 %, quartz 20 %, illite19 %, feldspar 12 %, sepiolite 5 % and dolomite 2 %. The second mortarcoating layer (carbonated render), more fine-grained, is mainly composed of a 85-95 % of calcite with minor amounts of quartz and dolomite (3.4 and 2 % average values respectively) and occasionally accessorial traces of sepiolite, illite and anhydrite are also detected. Exceptionally gypsum is present as an accessory component in two samples taken from the wall of the outer courtyard, M21 as bedding mortar and M13 as external render. These samples are collected in an area of the wall that was covered by sediments but was exposed after the excavation. The chemical compositions of these mortars (Table 4) are notable for the high proportion of F, Cl and Br. The ratio Cl/Br *10 is much lower than in the other sample, which reaches values above 200. The last aesthetic render layer (stucco render), is mainly composed of 83-99 % of anhydrite with minor amounts of calcite (0.5-2.5 %) and occasionally traces of quartz, illite and gypsum. These samples exhibit white colour with grey hues in samples with more accessorial aggregate grains, i.e., quartz, feldspar, etc. In XRF, Sr is very high in these mortars with CaSO 4 as binder.
Mortars for surface repair show a fairly homogeneous mineral composition mainly composed of 70-95 % of anhydrite, with accessorial quartz (1.5-16 %), calcite (0.5-11 %) and feldspar (0-7 %). It is located both inside and outside of the tomb-chapel and the presence of gypsum (3-9 %) was only detected in the samples from the innermost rooms (central corridor and shrine). The chemical compositions of these mortars are notable for the high proportion of Sr.
Interior plasters and coating from the burial chamber also exhibit variable mineral compositions depending on their structural position. The first mortar-coating is mainly composed of gypsum (48 %) and calcite (33 %), with accessorial quartz (17 %). In contrast, the final aesthetic plaster layer consists mainly of gypsum (around 80 %) and accessorial quartz, in the absence of calcite. Also, a presence of 10 % anhydrite was detected in sample M30 (Table 3) . Also worthy of mention is the mineralogical analysis of two samples (M32-33) of mortar under preparation found in a bowl on the burial chamber having great similarity to those of the firstmortar coating, gypsum 50 %, calcite 32 % and quartz 18 %.
Mortar for decoration represented by the microsample M24 it was collected from the white wall of Djehuty's statue niche adjoining the façade (Fig. 4d) , displaying a different mineralogical approximated composition, as follows: anhydrite 13 %, calcite 68 %, huntite 15 %, quartz 2 % and dolomite 2 %. It is an interesting white and hard mortar sample including huntite as a bleaching agent and utilized as the background of Djehuty's statue.
The ESEM confirmed mineralogical and chemical analyses performed along with different categories of mortars (Fig. 5) . The ESEM provided frequent images of coccolithophore fragments in carbonated mortars (Fig. 5b, c) , and different calcium phosphate morphologies in the mortar aggregates (Fig. 5d, e) . The backscattering probe highlights heavy elements such as zircon or REE in minerals. The cathodoluminescence probe provides spectral features of apatite grains containing REE and luminescence plots outlining their distribution. EDS analyses of zircon and monazite grains show carbon and calcium analysed into the host matrix. The monazite EDS spot analysis shows La 11.42; Ce 21.68; Nd 6.20 and Pr 1.11 % in agreement with a monazite-(Ce) standard formula (Ce, La, Nd, Th) PO 4 in our case, without Th and with Pr and Sm in similar proportions recalculating without the surrounding host calcium. We performed spectra CL from the monazite surface and several Ca-phosphate grains to observe the entrance of different proportions of REE elements in structural positions of Ca 2? producing characteristic narrow CL peaks associated to REE following the cathodoluminescence defectemission attributions of Blanch [31] .
Pore structure of the studied mortars also depends mainly on their use/application and mineralogical composition. All the studied mortars present very high values of porosity in which calcium sulphate mortars have higher porosity values than in calcite mortars (Table 5) . Porosity values in masonry mortars for surface repair (50-62 %) and calcium sulphate exterior renders (58-68 %) are higher than bedding mortars (31 %) and carbonated mortars for exterior render (43-48 %). The pore size distribution (PSD) is poorly sorted or poly-modal, the number and volume of pore modes is defined by the binder and aggregates relationships (Fig. 6) . PSD of mortars contrast with host rocks ones, which has a narrow size range. The PSD pattern is very complex, although some general tendencies can be appreciated. Calcium sulphate mortars present a mode size around 1 lm (e.g. M6, M11) whereas carbonatic mortars present a wide mode size in the 0.1-1 lm ranges (e.g. M4, M15). In sort, the amount and kind of aggregates decrease sorting.
Specific surface area values (SSA) of the studied mortars range from 1 to 18 m 2 /g (Table 5) . SSA values for mortars are similar to those of the host rock The characterisation of mechanical strength has only been carried out for the calcium sulphate exterior render mortars M9, M10 and M11 due to sample size limitation. The studied mortars presented a very low compressive strength (0.25-1.60 MPa). References to the mechanical strength of ancient mortars are scarce in the literature since their determination requires large samples. Hence, we compared our results to those for repairing mortars with similar properties to the studied ancient mortars. The values obtained from micro-compressive analyses are comparable to mesocompressive values for repairing mortars [10, 30] .
Discussion
Host rock features and construction
and conservation/stability of the tomb-chapel
The host rock exhibits low mechanical strength (Table 2) , relatively linear stress-strain behaviour and brittle fracture [10, 30] . The presence of a dense network of fissures intensifies its low mechanical strength favouring an anisotropic mechanical behaviour and causing fractures, blocks dropping and subsequent collapses. The hewing of the tomb-chapel itself caused severe mechanical stress in the rock, which is confirmed by numerous boulders having fallen during the carving process, later repositioned by fixing mortars (Fig. 4c) . This fact is more severe in the softer rocks of the geological sections.
Compressive strength values in geological S1 and S3 are lower than in S2 and S4. Djehuty built his tomb-chapel in the foothill of Dra Abu el-Naga, at ground level, where the limestone has the best mechanical properties of the geological column (S4). The host rock at this level is massive and stable enough to allow relief carving and then covering the surface with a very thin whitewash layer upon which the pigments could be applied. Even now some of the walls of the tomb exhibit a relatively good state of conservation and some painting remains. The burial chamber was hewn into a massive limestone level (S1) but with poorer mechanical properties ( Table 2 ). These properties were probably considered when it was decided not to decorate it in relief, but at this level it was advisable to use mortars, preparation layers and finally the pigments. Moreover, in this geological section, salt weathering is commonly linked to capillary waters. The burial chamber reaches down to 12 m below ground level, a few meters above the Nile water table. The water table undergoes significant seasonal oscillations and still today there is a variation between summer and winter associated with dam gates opening and closing. PSD curves of host rocks are well sorted and show a pore mode in the size interval of 0.04-0.2 lm (Fig. 3) . Capillary water transport is active in this pore range and the capillary forces are important [29] . This movement, although slow, periodically transports water with ions to the burial chamber's walls and after dry seasons, salt precipitation is then observed. The host rock is susceptible to weathering by salt crystallization. It presents significant values of connected porosity, small pore size (circa 0.1 lm) and low mechanical strength which favour the effectiveness of salt stress.
Gypsum and halite salts are frequently observed on surfaces particularly on the lower half of the burial chamber's walls and inside cracks of the host rock in S1 (Fig. 3) . Hence, rock deterioration by salt weathering is not really significant because the crystallization pressures of gypsum and halite are relatively harmless [32, 33] and the air remains constant most of the time. Salt deterioration takes place by repeated crystallization-dissolution process prompted by variations in the RH and temperature [32] . As a result, the stable and dry microclimatic conditions of Djehuty's tomb-chapel reduce the salt deterioration in the porous materials and salts tend to grow as efflorescence (mainly gypsum and halite), causing aesthetic and physical surface damage. Limestone bedrock salts migrate to the rock-mortar interface and precipitate detaching mortar plates from the rock.
Provenance and stability of the mortars
The application of a proper combination of analytical techniques [19] on mortars has shown obvious relationships between their intrinsic properties and specific use in the tomb-chapel of Djehuty. Bedding mortars of the external masonry are the least porous (*30 %) which provide the best mechanical properties to be used as structural mortars. The suitable ratio of clay and quartz in the exterior renders ensures adequate strength and flexibility properties for these mortars. Clay acts as a binder and plastic medium to glue together with the other ingredients. The sand grains ensure stretch when dry. The inclusion of straw reduces cracking, ensures the strength and also the speed in drying. The presence of calcite improves the mechanical resistance and stability. The final calciumsulphate stucco renders not only improve the appearance of the exterior walls, but also help to protect them against weathering and add to their mechanical strength [5] . The tomb-chapel is hewn into a brittle fossiliferous chalk which experienced collapses during the building process, and was later filled with calcium sulphate mortars for surface repairs widely utilized in the tombs. The sub-group of interior mortars used in the transversal hall and most external areas are mostly anhydrite while the most internal mortars, e.g., the innermost room or shrine, have remains of gypsum and include a larger proportion of agglomerates, i.e., calcite, quartz and feldspar grains. In these gypsum-based mortars it is common to observe euhedral crystals of celestine (SrSO 4 ) (Fig. 5f ). Celestine precipitation could be related to the process of gypsification of anhydrite by the liberation of strontium and precipitation as euhedral celestine. This could indicate that the original raw material used in the manufacture of these plasters could be anhydrite from the sediments of the Esna formation. Finally, in the burial chamber the first coating of ceiling mortar displays 35 % of calcite, suggesting a possible attempt to improve the resistance of the ceiling avoiding further collapses. However, the massive use of gypsum with 20 % of quartz in the final plastering of the painted burial chamber walls could be explained by the fact that in the high RH conditions of this chamber, the lime-putty hardening is very slow. Occasionally this type of mortar and plaster application was used as substrates for decoration, rectifying the poor quality of the local limestone as a surface for carving and painting. They would be prepared on a surface of plaster upon which the pigment could be applied in tempera rather in fresco secco [5] . I.e., they ensured that the pigment adhered to the surface by use of a binding medium without remoistening the plaster surface. These painted plaster surfaces are common in tomb-chapels on the West Bank at Thebes, where it is typical to find it on walls and ceilings and sometimes in burial chambers [5] .
Analyses of mortar samples could additionally provide an insight into the provenance of the materials used by the ancient Egyptian builders to manufacture the different types of mortar. Commonly carbonated mortars show coccolithophore fragments coming from the local rocks. It is difficult to clarify their role as an aggregate or as relicts of poorly burnt lime-putty under the theoretical *850°C necessary for the thermal decomposition of calcite. These coccoliths of eukaryote phytoplankton are important constituents of the Thebes limestone facies of the central Nile Valley, and are studied using coccolith biostratigraphy techniques [34, 35] . The mineralogical analyses (Table 3) and observation under microscopes (Fig. 5) of the aggregate bodies are in good agreement with the previously studied surrounding rocks composed of smectite, illite, kaolinite, sepiolite, calcite, dolomite, quartz, anhydrite and gypsum. With regard to the provenance of the accessorial calcium phosphate minerals found in the mortars, it seems clearly anthropogenic due to the addition of bones in the mixing of raw materials prior to firing. The Ca-phosphate firing, wetting and recrystallization processes took place in different ways producing clean hydroxyapatite or doped with REE associated to detritus from endogenous rocks in phases such as monazites and zircons. In short, the provenance of the materials points to the nearby surrounding areas. The high proportion of Cl and Br in the carbonated mortar render seems to imply that the water used is much more concentrated in salt than that used for the rest of the mortar.
Finally, the stability of the mortars is related to micro-environmental conditions. Lime mortars showed high values of porosity similar to the other ancient lime mortars. The observed high porosity can be attributed to cracking after drying linked with the high binder content [36] . Porosity values for calcium sulphate mortars are particularly high (Table 5) . Nowadays the mineralogical composition of binders is mainly anhydrite but initially was applied as gypsum. Over time, in hot and dry climatic conditions, gypsum slowly transforms into anhydrite. The desiccation from gypsum to anhydrite involves volume reduction and deterioration. Since the molar volume of gypsum and anhydrite are respectively 74.69 and 45.94 cm 3 /mol, the dehydration reaction converts 100 % gypsum in 60 % anhydrite and 40 % porosity. In the painted burial chamber under stable high levels of RH, gypsum mortars remain preserved from dehydration and consequent cracking (M30 and M31). Previous processes of wetting-drying during episodes of rise-fall of the Nile River and especially during past openings of the chamber dissolved bedrock salts which migrated to the rock-mortar interface. Efflorescence gypsum and halite salts are frequently observed, particularly on the lower half of the burial chamber's walls, causing aesthetic and surface physical damage. The proximity of the Nile water table was favourable to the air of the burial chamber originally reaching a high RH level circa 80 %. However, once the burial chamber was excavated air RH dropped and it is currently oscillating from 40 to 65 % throughout an annual cycle. It is known that salt deterioration is carried out by repeated dissolution-crystallization process promoted by changes in the RH and temperature [32] . Maintaining stable RH conditions at this level of the tomb-chapel seems to be the most reasonable recommendation to avoid mineral phase changes-mainly gypsum desiccation and crystallization-deliquescence for haliteand hence to ensure the preservation of these mortars. Thus nowadays, the burial chamber is kept closed during the archaeological works to maintain stable environmental conditions and prevent desiccation processes.
Summary and conclusions
The analyses of rock and mortars from the outer courtyard and inside Djehuty's tomb-chapel provided data on the techniques used by the ancient Egyptian builders. The specific properties of the host rock and the local environment play important roles in the construction of funerary monuments and in the evolution of mortar pastes. A comprehensive knowledge of materials will make it possible to design mortars compatible with conservation in the funerary complex of Djehuty. These results showed that Djehuty built his tombchapel with a view to using the best mechanical properties of the geological material. Problems of instability and falling blocks of geological lower quality levels were solved by applying the appropriate mortar in each case. Furthermore, outside the tomb-chapel, several mortar types were applied for erecting masonry elements such as courtyard walls and façades. The sources of the mortar raw materials are local.
The upper level of the tomb-chapel was hewn into a massive limestone with the best mechanical properties. This level was decorated in relief, but mortars were applied onto the host rock to solve blocks that had collapsed during the building process. These mortars for surface repair are calcium sulphate based mortars, where most external areas are cleaner anhydrite while the more interior mortars (shrine) have remains of gypsum and include a higher proportion of agglomerates, i.e., calcite, quartz and feldspar grains.
The burial chamber was hewn into a limestone level with poorer mechanical properties. The instability of the host rock was solved by applying a plaster layer as a first coating, a gypsum based mortar but with a high proportion of calcite and accessorial quartz. A final aesthetic gypsum plaster layer was applied, on which the Book of the Dead was painted.
The courtyard is delimited by both rock-carved and masonry walls. The mineral composition in the masonry bedding mortars is variable depending on the different construction stages, but carbonated bedding mortars prevail. The mud-brick and rockcarved walls were covered by exterior renders. These renders are layer-structured. The first carbonated-mud mortar layer is a mixture of limestone, mud and straw fragments. The second fine-grained carbonated mortar layer is mainly composed of calcite and straw, with minor amounts of illite, quartz, dolomite and/or sepiolite. Finally, an outer aesthetic stucco layer is mainly composed of anhydrite.
The specific dry environment outside the tombchapel plays an important role in the evolution of the mortar pastes. The mineralogical composition of the raw material of the calcium sulphate binder was anhydrite prior to application and the original mineralogical composition of the calcium sulphate binder was gypsum when it was applied on the walls. But under the hot and dry climatic conditions, outside and in the shallower areas of the tomb, gypsum was again transformed into anhydrite over time. Currently, maintaining stable RH conditions at the upper level of the tomb-chapel seems to be the most reasonable recommendation for preserving these mortars. Furthermore, Djehuty's burial chamber is sited close to the water table of the Nile River and originally reached a high RH level circa 80 %. Natural gypsum and halite salts infiltrate on the lower half of walls. The high humidity has a positive effect in keeping the gypsum plaster layers in their original condition, preserving them from dehydration. The burial chamber is closed after each archaeological season and RH is recovered up to 65 %. It is recommendable maintaining stable this RH to avoid mineral phase changes so as to ensure preservation of the mortars. The micro-environmental conditions are critical for preserving mortars and paintings. Therefore, knowing and stabilizing the optimum environmental conditions is essential in order to ensure the preservation of such materials.
